Nanometre-scale 3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA) crystallites were produced by trapping the molecules inside monolayer-deep rectangular pits on an alkali halide surface. Noncontact atomic force microscopy was used to measure the crystallite dimensions and lattice structure with molecular resolution. The molecule-substrate lattice mismatch and island heights, typically three to four PTCDA layers, indicate a stress in the first two layers. One-and two-layer crystallites were only observed in pits with side lengths smaller than 10 nm.
Introduction
The prospect of using organic materials as active components in electronic and optoelectronic devices [1, 2] has sparked great interest in the growth of molecular adlayers on solid substrates [3] . Because the structural quality of an organic film plays a critical role in determining its transport properties [4] , an understanding of the processes governing the ordering of molecular crystals is of utmost importance. Molecular nanostructures are particularly promising for organic electronics because of the possibility of circumventing the problems imposed by grain boundaries [5] , and the potential for interesting size effects.
The planar molecule, 3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA) (figure 1(a)), has long been considered an archetype for organic electronics, because of its extended π-system and its ability to grow in a well ordered fashion on a wide range of substrates [3] . PTCDA typically grows with the molecules lying flat on the substrate surface in a herringbone arrangement ( figure 1(b) ), forming stacks of two-dimensional sheets which closely correspond to the (102) plane of the two known bulk structures (termed α and β) [6] .
Scanning tunnelling microscopy and electron-based surface science techniques have greatly improved our understanding of the growth of PTCDA [7] [8] [9] [10] and other molecules [11] on conducting substrates; however, little is known about the growth of molecules on insulators. In the context of organic electronics, an insulating substrate is important for the construction of electrically isolated components. With the development of noncontact atomic force microscopy (NC-AFM) [12, 13] , the high resolution characterization of growth on insulators has recently become accessible. Nevertheless, there are still only a few examples with molecular resolution, including PTCDA on KBr [14] , C 60 on KBr [15] , and vinylidene fluoride oligomers on KCl [16] .
A general finding so far in the growth of medium sized molecules (<100 atoms) on alkali halides at room temperature is that the molecules diffuse over long distances and nucleate primarily at step edges [15, 17] . One approach to immobilizing molecules, first demonstrated by Nony et al [17] , involves using monolayer-deep rectangular pits in an alkali halide surface as traps. The size and shape of the resulting molecular nanostructures are determined by the dimensions of the pits which act as templates. The pits are produced by charge induced desorption [18, 19] , with the size of the pits controlled by the dose of charge [20, 21] . Trapping in pits was first demonstrated with PTCDA molecules [17] , although the structure of the trapped islands could not be determined. A later NC-AFM study with subphthalocyanine molecules showed an ordered structure at the centre of the pits, with a mismatched structure at the edges, presumably due to a strong attraction between the molecules and the pit walls [22] . At present, there is little understanding of the trapping mechanisms, nor is there an understanding of which parameters are of greatest importance in determining the effectiveness of the trapping.
In this paper, we demonstrate the growth of nanoscopic PTCDA islands on two pit-templated KBr (001) surfaces, one with a mean pit size of 6.5 nm × 6.5 nm and the other with a mean pit size of 20 nm × 20 nm. High resolution NC-AFM is used to study the dimensions and ordered molecular structure of the crystallites.
Experimental methods
All of the sample preparation and measurements were performed under ultrahigh vacuum conditions (base pressure <4 × 10 −8 Pa). The KBr surfaces were prepared by cleaving a single crystal (Korth Kristalle, Germany) in situ along the (001) plane, and then heating it to 150
• C for 1 h to remove any residual charge. Monatomic depth rectangular pits were created by exposing a heated sample (250
• C) to a controlled dose of charge. The method used is described in detail elsewhere [21] . Doses of 0.13 and 1.3 μC cm −2 were used to create pits with mean side lengths of 6.5 and 20 nm, respectively. PTCDA (Alfa Aesar, 98% purity) was deposited onto the nanostructured surfaces by thermal evaporation from a quartz crucible at 300
• C. Prior to deposition, the molecules were purified by heating at 220
• C for 12 h. The rate and coverage were monitored by a quartz microbalance. Using a rate of 0.5 ML min −1 , a coverage of 0.04 ML was used for the 6.5 nm × 6.5 nm pit sample, and a coverage of 0.4 ML was used for the 20 nm × 20 nm pit sample and a sample with no pits.
The samples were measured by NC-AFM at room temperature with a JEOL JSPM 4500A UHV AFM and a Nanosurf phase-locked loop. In the NC-AFM mode, the frequency shift of the cantilever is used to regulate the tipsample separation [12, 13] . Cantilevers (Nanosensors) with a 
Results and discussion
After depositing PTCDA onto a freshly cleaved KBr(001) surface, the PTCDA forms compact islands at the bottom of the KBr steps (figure 2(a)). The islands are three PTCDA layers high or taller. The affinity for the lower terrace at steps is thought to be due to the increased coordination of the molecules at these sites [14] . Moreover, the PTCDA molecules have an interplanar spacing of 0.32 nm [23] , which is very similar to the height of a KBr step (0.33 nm). This facilitates the interaction between the first layer PTCDA molecules at the bottom of a step with the step ions. The interaction between the PTCDA and the KBr is expected to be predominantly electrostatic in nature, with the quadrupole moment of the molecule interacting with the ionic surface. The quadrupole moment originates from the negatively charged oxygen groups and the positively charged adjoining sides of the molecule.
As shown in figure 2(b), the PTCDA growth is significantly modified by the presence of monolayer-deep rectangular pits in the KBr surface. Most notably, some of the pits are filled with molecules. In addition, the PTCDA islands are smaller and the mean separation between the islands is shortened from over 600 nm on the unstructured KBr surface to less than 200 nm on the pitted surface. The molecular trapping can be understood on the basis of the same reasoning used to explain why PTCDA islands preferentially form at the bottom of steps: the PTCDA molecules experience local electrostatic interactions and have increased coordination at the bottom of the pit steps. Nevertheless, given the fact that not all pits have molecules trapped inside, it is clear that the molecules are also capable of diffusing out of the pits. Therefore, it is suggested that during growth, the molecules are only weakly trapped inside the pits. This results in an increased amount of time spent inside the pits and thus an increased probability of forming a critical cluster there. It is expected that the diffusion within the pits is mainly along the edges, and that nucleation occurs there as well. The high density of steps on the nanostructured surface, which act as additional diffusion barriers, also leads to a shorter diffusion length of the PTCDA on the nanostructured surface, and hence, a shorter separation between islands.
On the nanostructured surface, the vast majority of the PTCDA islands are three or four PTCDA layers high, with the first PTCDA layer fully inside the pits and the top 2-3 layers protruding. Although height information in NC-AFM of heterogeneous systems is not always the true topographic height [24] , the measured height of a PTCDA layer was determined to be 0.326 ± 0.004 nm, which is consistent with other experiments [23] .
Four main types of islands were observed, labelled 1-4 in figure 2(b): 1: islands filling pits, 2: islands partially filling pits, 3: coalesced islands, and 4: large islands. The islands filling pits are typically 3 or 4 layers high. A small number of one-and two-layer islands have also been observed, however, only in the smallest pits, with side lengths smaller than 10 nm. Figure 2 (d) shows two small two-layer islands, and one threelayer island. The smallest observed filled pits contain as few as 6-8 molecules. All of the observed islands which partially fill the pits are three layers high, some with an elongated shape, as seen in figure 2(b), island 2. The islands made up of smaller coalesced islands (e.g. island 3, figure 2(b)) are four layers high or taller. A small fraction of the islands are even taller (e.g. island 4, figure 2(b)), with heights corresponding to 5-7 layers. These islands tend to have some edges aligned with the 100 KBr directions, but are not well confined in the pits. Possible reasons for the island heights and shapes will be discussed in more detail later. It should be noted that some islands fill merged pits. In most cases these islands can be distinguished from coalesced islands by considering whether the component rectangles of the PTCDA islands overlap. However, it is not always possible to differentiate between the two island types. In future experiments, merged pits can be avoided by using a smaller pit size or density. Coalesced islands can be avoided by using a smaller PTCDA coverage.
The size distribution of the PTCDA islands and the pits for the 20 nm × 20 nm pit sample are shown in figure 3 . The templating effect of the pits on the size of the molecular islands is evident in the marked similarities between the two distributions. However, the templating is not perfect, and there are a couple of noticeable disparities. Firstly, the centre value of the peak for the islands, 590 nm 2 , is larger than that for the pits, 390 nm 2 . In terms of side length, this corresponds to 24 and 20 nm, respectively. As will be shown later, there is evidence that this is caused by a slight bulging of the islands out of the pits. Secondly, there is a long tail in the island size distribution extending to larger areas. This represents islands that have coalesced or that are not confined inside the pits (island types 3 and 4 in figure 2(b) , respectively). To gain a sense of the templating efficiency, about 90% of the pits and 40% of the PTCDA islands are within the range of 20 ± 10 nm. It was not possible to carry out the same analysis with the 6.5 nm × 6.5 nm pit sample owing to the small size of the islands, which makes it difficult to obtain accurate size information from overview images, and sufficient statistics from close-up images.
High resolution NC-AFM was used to resolve the arrangement of the PTCDA molecules in the pits. Moreover, for the first time, PTCDA was resolved along with the adjacent KBr lattice. These measurements counter the argument that the KBr structure cannot be imaged between PTCDA islands because of molecular diffusion [14] . Figure 4 shows the structure of a three-layer PTCDA island and the neighbouring KBr lattice.
The molecules are well ordered, with a herringbone structure similar to that found in the (102) plane of bulk PTCDA crystals [6] . The measured corrugation of the molecules is about 0.05 nm, which is similar to that measured in other NC-AFM studies of PTCDA [14] . To determine the lattice constants, the simultaneous measurement of the PTCDA and the KBr structures made it possible to use the KBr lattice as a reference, compensating for both piezo calibration and drift in the measurement. The lattice constants were measured by counting the maximum possible number of atoms or molecules along a primitive vector direction and measuring the distance between the end points from a line profile. The values were then adjusted by taking into account the known KBr lattice constant of 0.66 nm [25] . By averaging the results from 10 images, the PTCDA lattice constants were determined to be b 1 = 1.24 ± 0.02 nm and b 2 = 1.93 ± 0.02 nm. These correspond very closely with the bulk β-phase lattice constants (b 1 = 1.245 nm, b 2 = 1.930 nm) [6] . The simultaneous measurement of the molecule and substrate lattices also made it possible to measure a slight rotation of 4.0 ± 0.5
• between the top PTCDA layer and the 100 direction of the KBr lattice.
While the measured lattice constant of the third layer of PTCDA corresponds closely to the bulk β-phase structure, the structure of the layers below is uncertain. It is believed that Figure 4 . High resolution NC-AFM image (10 nm × 10 nm) of a PTCDA crystallite and the adjacent KBr lattice, showing the herringbone arrangement of the PTCDA and the square lattice of the substrate; f = −9.7 Hz, with streaks removed, and high-pass and low-pass filtering so that the structure can be seen more easily.
in the first layer, arrangements that maximize the interaction of the carbonyl oxygen atoms of the PTCDA with the cation sites of the alkali halide will be favoured [23] . Coincident PTCDA lattice structures on KBr are predicted for b 1 = 1.260 nm, b 2 = 2.006 nm, and R = 23.3
• [26] . However, because the first layer here is constrained by the boundary conditions imposed by the KBr 100 pit walls, such a structure is unlikely. Instead, we propose that the first layer molecules align with the KBr 100 walls, leaving the layer strained by the resulting lattice mismatch. A commensurate 2 × 3 overlayer would allow all of the carbonyl oxygen atoms to sit in close proximity to the potassium surface ions. This structure has a rather large mismatch of 6.02% in the b 1 direction and 2.59% in the b 2 direction when compared with the β-phase structure. Nevertheless, in molecular lattices with weakly interacting molecules, such as PTCDA, the interaction potentials are shallow. This enables the growth of highly strained films [3] . A possible result of the anisotropic strain is the presence of some elongated islands, as seen in figure 2(b) (island 2). It is expected that the second layer takes on an intermediate structure between the stressed first layer and the slightly rotated, bulk-like third layer.
The mismatch between the PTCDA and the KBr lattices, and the resulting stress in the first, and possibly second, PTCDA layers, may explain the observed heights of the islands. As shown in figure 2(b) (island 2), the pits are sometimes only partially filled with three-layer crystallites. This, and the relative scarcity of shorter islands points to an instability of the first two PTCDA layers. Thus, it is preferable for the molecules to stack three layers high, with the third layer having the bulk lattice constant, than to form an extended one-or two-layer island. The instability of 1-2 layer islands also explains why only islands four layers high or taller 'leak out' of the pits and form coalesced islands: in order to have a stable configuration (more than three layers) extending laterally outside of the pits, the regions inside the pits must be at least four layers high. The three-layer islands are well Figure 5 . Cross-sectional illustrations depicting how an instability in the first two PTCDA layers can explain the observed island heights: (a) three-layer islands are well confined in pits since a two-layer section extending outside of a pit is not allowed (shown in (b) ). Four-layer islands may be (c) confined, or may (d) extend outside of the pit if there are enough molecules.
confined since there are only two layers protruding from the pits. The concept is illustrated in figure 5 .
As mentioned previously, a small number of pits were observed with a height of one or two layers (e.g. figure 2(d) ), however only in pits smaller than about 10 nm. This size effect is a result of the increased influence of the pit corners and edges in the smaller pits. It has been previously shown that the electrostatic potential inside the pits has a pronounced minimum at the corners and a gradually varying component that decays with the distance from the corners [22] . The enhanced trapping potential in the smaller pits seems to be sufficient to stabilize the otherwise unfavoured 1-2 layer PTCDA islands. A similar size effect was observed for subphthalocyanine molecules [22] , where only pits smaller than 15 nm were filled with molecules.
To date, efforts to resolve the molecular structure of the small one-and two-layer islands have resulted in the manipulation of the islands. This is demonstrated in figure 6 , which shows a sequence of images recorded with a frequency shift of −10.0 Hz for imaging, and −13.0 Hz during manipulation. On the basis of the method developed by Sader and Jarvis for converting frequency shifts to forces [27] , the average force during the manipulation is about 10 nN. Similar forces were required for manipulating other islands of similar size. This small force for dislodging the island from the pit supports the notion that the first two layers are not stable. After the initial manipulation, some of the molecules remain at the pit edges ( figure 6(c) ), demonstrating the stronger PTCDAsubstrate interaction at the steps. It should also be noted that the pit revealed after the manipulation is a bit smaller than the PTCDA island, indicating that the upper layer overflows slightly outside of the pit.
Finally, in addition to structural information, some dynamical information can be extracted from the high resolution NC-AFM data. As seen in figure 7 , some streaks are apparent on top of the PTCDA. Such streaks are characteristic of a mobile species, moving on a timescale faster than the time required for imaging. Similar noise in STM measurements due to diffusing species was first reported by Binnig et al for mobile oxygen on a nickel surface [28] , and has later been reported by several groups in molecular systems, including PTCDA on Au [7] and Ag [29] surfaces. Repeated measurements revealed that the streaks were only present over the PTCDA islands, and not the KBr areas. Therefore, the streaks are most likely due to the migration of PTCDA molecules, which are confined to the top of the PTCDA islands. This interpretation is further supported by the observation that islands with incomplete layers were never observed. Instead of forming a partial layer, the molecules constitute a two-dimensional surface gas confined by the island edges. To verify the feasibility of this physical picture, the energy barrier for the diffusion of a PTCDA molecule on a PTCDA surface was estimated by analysing the distribution of the streak lengths. In the lattice gas model, assuming a low density of diffusing species, a single molecule hops randomly to adjacent sites with a hopping frequency ν. The probability of finding the molecule at the same position after a time t is given by P = exp(−νt) [30] . As the AFM tip is in motion during imaging, the residence time at a given position is only approximately related to the streak length. A more accurate determination of the residence time at a fixed position was obtained by plotting the streak length distributions for various tip velocities, calculating the associated time constants, and then extrapolating to zero tip velocity (see figure 7) . Using this method, the hopping frequency was determined to be ν = 27 ± 2 s −1 . Because hopping is a thermally activated process, ν is related to the diffusion energy barrier E D by ν = ν 0 exp(−E D /k B T ) [31] , where ν 0 is the attempt frequency to overcome the barrier, k B is the Boltzmann constant, and T is the temperature. Assuming a typical attempt frequency of ν 0 = 10 13 s −1 [32] , the diffusion barrier for PTCDA on a PTCDA surface is calculated to be E D = 0.7 ± 0.2 eV. The error in the diffusion barrier reflects the uncertainty in the attempt frequency, which was assumed to have a lower limit of 10 10 s −1 and an upper limit of 10 16 s −1 . The estimated values of the hopping frequency and diffusion energy barrier are similar to those found in recent studies of molecular diffusion [11, 33] . Therefore, the argument that the streaks are caused by molecular diffusion events seems to be reasonable. A study of the temperature dependence is needed to confirm this interpretation and to obtain more accurate diffusion parameters.
Conclusion
Rectangular PTCDA crystallites with nanometre-scale dimensions were produced on a templated KBr surface. The observed molecule-substrate lattice mismatch indicates a stress in the first, and possibly second, PTCDA layers, which is relieved in the third layer, where the bulk β-phase lattice constants are measured. This explains why three-layer PTCDA islands are favoured. Moreover, the instability of the first two layers provides an explanation for why islands with three layers are effectively trapped inside pits and taller islands are not. Owing to the increased influence of the edges in small pits, one-and twolayer islands were stabilized in pits with side lengths smaller than 10 nm. The enhanced trapping potential in small pits is promising for isolating a few, and possibly single, molecules on an insulating surface.
Although the pits were shown to have a strong influence on the growth of PTCDA, the templating effect of the pits was far from perfect. We suggest that the molecular confinement results from a weak trapping in the pits during growth, which increases the probability of forming a critical cluster inside a pit. On the basis of the present study, we propose two ways of improving the yield of templated islands:
(1) reduce the diffusion of the molecule over steps by using a molecule that interacts more strongly with the steps; (2) reduce the stress in the molecular overlayer by having better lattice matching conditions.
